Phylogenetic analyses of retroviral elements, including endogenous retroviruses, have relied essentially on the retroviral pol gene expressing the highly conserved reverse transcriptase. This enzyme is essential for the life cycle of all retroid elements, but other genes are also endowed with conserved essential functions. Among them, the transmembrane (TM) subunit of the envelope gene is involved in virus entry through membrane fusion. It has also been reported to contain a domain, named the immunosuppressive domain, that has immunosuppressive properties most probably essential for virus spread within the host. This domain is conserved among a large series of retroviral elements, and we have therefore attempted to generate phylogenetic links between retroviral elements identified from databases following tentative alignments of the immunosuppressive domain and adjacent sequences. This allowed us to unravel a conserved organization among TM domains, also found in the Ebola and Marburg filoviruses, and to identify a large number of human endogenous retroviruses (HERVs) from sequence databases. The latter elements are part of previously identified families of HERVs, and some of them define new families. A general phylogenetic analysis based on the TM proteins of retroelements, and including those with no clearly identified immunosuppressive domain, could then be derived and compared with pol-based phylogenetic trees, providing a comprehensive survey of retroelements and definitive evidence for recombination events in the generation of both the endogenous and the present-day infectious retroviruses.
Among the gag, pol, and env retroviral genes, the pol gene, encoding reverse transcriptase (RT), is by far the most conserved among the retroid elements (33) . RT is actually the key enzyme in the retroviral replicative cycle, being involved in the synthesis of the proviral DNA from the viral RNA genome. Due to most probably very stringent constraints for enzymatic activity, this gene is highly conserved not only among retroviral elements but also among a large series of elements requiring a reverse transcription step, including endogenous retroviruses (ERVs) and retrotransposons, group II introns, and the cellular telomerase genes, as well as some plasmidic elements from procaryotes (51) . Consequently, sequence alignments including the RT domains from these diverse elements have led to the unraveling of phylogenetic links between them (51) . Furthermore, RT contains signature motifs allowing an easy search for RT-containing elements within genomes, especially in the case of humans, where systematic sequencing should now enable rapid and extensive identification of retroelements. Accordingly, it has been shown that the human genome contains numerous ERVs (HERVs) distributed in several multigenic families comprising a few to several hundreds elements (26, 45, 48) . These elements are hallmarks of ancient infections of the germ line by retroviruses which have thereafter been "endogenized" and can be used as molecular markers of evolution (4, 21) .
In contrast to the pol gene, the env gene, encoding the protein involved in virus entry, has long been considered a highly diverging sequence in relation to the highly diverse sequences of the receptor molecules with which the env proteins interact for virus-cell interaction and entry. The env gene encodes a polypeptide which is cleaved into two proteins ( Fig.  1 ), the surface protein (SU), which is involved in receptor recognition, and the transmembrane (TM) subunit, which anchors the whole env complex to the membrane and is directly responsible for cell membrane fusion and virus entry. TM structures have been elucidated in the case of Moloney murine leukemia virus (Mo-MuLV) (15) , human immunodeficiency virus type 1 (HIV-1) (10, 47) , and human T-cell leukemia virus type 1 (HTLV-1) (23) and show a highly conserved organization also found in proteins of nonretroviral elements such as influenza virus (50) and Ebola virus (28) . This structural conservation is most probably relevant to a common mechanism for the triggering of the fusion process and viral entry (9, 17) . Finally, there is a region with significant homology among retroviruses, namely, the immunosuppressive domain, so called because 17-mer peptides derived from this relatively conserved sequence have immunosuppressive properties as assayed in vitro by their effects on the proliferation and/or differentiation of lymphocytes (12, 41) . We have recently shown that the env protein of the murine Mo-MuLV and the primate Mason-Pfizer monkey virus (MPMV) are actually immunosuppressive in vivo, based on an assay involving rejection of tumor cells engrafted into immunocompetent mice (6, 30) . Moreover, we have shown that an HERV envelope is also immunosuppressive in this assay, thus strengthening the importance of this domain (30a) . Taking into account this conservation, we have therefore attempted to identify from databases all of the sequences showing an immunosuppressive domain. Doing so, we have been able to align the TMs of most retroviral elements and generate phylogenetic trees including both endogenous and exogenous retroviruses. Comparison with pol-based phylogenetic trees provides hints of definite recombination events for both endogenous and infectious retroviruses in the course of their natural history.
MATERIALS AND METHODS
Screening for sequences encoding a CKS17-like domain. The BioMotif program (G. Mennessier, http://www.lpm.univ-montp2.fr/software.html) searches for protein motifs along the six frames of nucleotide sequences. The designed motifs can be degenerate. The program allows frameshifts but not mismatches. Motifs used for the screenings are (using the BioMotif syntax, with ͉ for degenerate positions, X for any amino acid excluding stop codons, and a triplet of n for any amino acid, including stop codons) as follows: the degenerate immunosuppressive CKS17d consensus motif (L͉Y͉F͉P) QN [6, 6] n (G͉A͉D) (L͉P) (D͉H͉N) [3, 3] n (L͉F͉P͉S) [12, 12] n (G͉D͉K͉E) (G͉E͉S͉R), an optimized universal CKS17u motif (L͉Y͉F͉P͉W͉A) (Q͉N͉E)N [6, 6] n (G͉A͉D͉M) (L͉P͉I) (D͉H͉N) [3, 3] n (L͉F͉P͉S͉V͉T͉I) [12, 12] n (G͉D͉K͉E͉S) (G͉E͉S͉R͉H) designed from the general TM alignment, and the reverse transcriptase RT7 consensus motif LPQ [57,162]n YXDD, which allows frameshifts between the LPQ and YXDD residues. This search combines amino acid residues by codon translation and nucleotide gaps.
LTR test. The long terminal repeat (LTR) test is based on the LFASTA program. Two-LTR structures were searched for on extracted sequences 9 kb upstream and 3 kb downstream of the CKS17d motif with the following parameters: greater than 80% identity between the two LTRs, which could be 350 to 1,000 nucleotides long and separated by 3 to 10 kb. PBS search. Potential primer binding sites (PBS) were searched for with the BLAST program (1) using a database of tRNAs (http://www.uni-bayreuth.de /departments/biochemie/sprinzl/trna/index.html) in the region downstream of the 5Ј LTR of sequences positive for a two-LTR structure.
Clusterization. The 544 sequences were extracted on a 120-nucleotide segment upstream and downstream of the CKS17d motif and translated, since the program determines clusters on peptide sequences to avoid degeneracy of the genetic code. The sequences were clustered by the means of pair comparison with the LFASTA program and subsequent classification in groups with a minimum of 90% identity.
Alignments. The Clustalw program (44) was used to perform multiple alignments, which were manually refined with the Seaview program (18; http://pbil .univ-lyon1.fr/software/seaview.html).
Frame search. We used the Framesearch program in the Wisconsin package, version 10.0 (Genetics Computer Group, Madison, Wis.). It searches for the correct frame in a nucleotide sequence compared to a protein sequence. It may change the frame if needed, which is an important feature for defective HERV sequences which can encompass frameshift mutations.
Prediction of coiled coils. The LearnCoil-VMF program developed by Singh et al. (38; http://nightingale.lcs.mit.edu/cgi-bin/vmf) for identifying coiled-coil-like regions in viral membrane fusion protein envelopes was applied to TM sequences.
Hydrophobicity plots. Hydropathy was calculated by the Kyte-Doolittle method implemented with the DNA Strider program (31) .
Phylogenetic methods.The phylogenetic methods used were from the PHYLIP (Phylogeny Inference Package) version 3.5c developed by Joseph Felsenstein (16) and the University of Washington (http://evolution.genetics.washington.edu /phylip.html). For the distance method, the Dnadist program with the Kimura two-parameter correction (CKS17 nucleotide tree) or the Protdist program with the PAM matrix correction of M. Dayhoff (TM and RT trees), both followed by the Neighbor program (neighbor-joining method), were run on 100 bootstrap replicates, and then the Fitch program was used to obtain proportional branch lengths in the calculated trees. For the parsimony method, the Dnapars and Protpars programs were run on 100 bootstrap replicates.
RESULTS
Initial screening for env sequences with an immunosuppressive motif and rationale of the search procedure. To screen the databases for envelopes, we first designed a common motif based on the Mo-MuLV CKS17 immunosuppressive domain. To this end, TMs of known retroviral envelopes of exogenous and endogenous origin were aligned, and a consensus degenerate CKS17d motif was designed ( Fig. 1 ) (see Materials and Methods). This motif was positive for the majority of known TMs, with a few exceptions, including HIV, mouse mammary tumor virus (MMTV), and the HERVs of the HERV-K family. Sequences from all divisions of GenBank were screened for the CKS17d motif using the BioMotif program, which is a highly sensitive approach that permits the detection of conserved, but not necessarily contiguous, amino acids. The positive hits obtained, essentially among mammals (457 out of 544) and with the majority of human origin as expected from the relative abundance of human sequences in the databases, were then analyzed for additional criteria: (i) an RT motif (RT7 motif, see below) upstream of the CKS17d motif (still using the BioMotif program) and (ii) a two-LTR structure, i.e., a typical proviral organization (using a two-LTR test program), combined with a search for a potential PBS downstream of the 5ЈLTR (using the BLAST program) (see Materials and Methods). As 544 sequences cannot be aligned, we reduced their number by clustering their translated sequences (see Materials and Methods). Finally, a set of 110 sequences (Table 1) was extracted based on a region of approximately 300 nucleotides centered on the CKS17d motif, which was aligned with the Clustalw program (44) . Phylogenetic trees were determined by the neighbor-joining ( Fig. 2 ) and parsimony (data not shown) methods, which allowed the assignment of each sequence within a definite retroelement family ( Table 1 ; Fig. 2 ). The validity of the search procedure could be evaluated based on the well-characterized group of the HERVs, since 18 families were sorted out simply based on the CKS17 search, compared to the 22 families, including CKS17-negative ones, previously identified by Tristem (45) using an RT domain screen. Interestingly, new groups could be identified ( Table 1 ; Fig. 2 ), namely, four new HERV families [HERV-T, HERV-F(c) (also comprising a murine sequence), HERV-U2, and HERV-U3] and a new murine ERV (MuERV) family (MuERV-U1). Conversely, several infectious retroviruses (e.g., HIV and MMTV) as well as some HERV families (e.g., HERV-K) were not identified by the CKS17 screen, for reasons mentioned above, but all of these sequences could finally be included in a larger (200-amino-acid) alignment (see below) which exceeded the sole CKS domain and comprised almost all of the TM sequence.
TM amino acid sequence alignment and phylogeny. Although the TM primary sequences seem not to be conserved, biochemical analyses and X-ray crystallographic data for some retroviral TMs (HTLV-I gp21 [23] , Mo-MuLV p15E [15] , and HIV-1 gp41 [10, 47] ) disclose a well-conserved general organization ( Fig. 1 ), which includes, from the N to the C terminus, the following: (i) an extended hydrophobic region, generally A and G rich, at or near the amino terminus, corresponding to the fusion peptide (13 to 24 amino acids long) adjacent to the cleavage site (R-X-R/K-R) between the SU and the TM subunits; (ii) a coiled-coil-forming sequence which overlaps the immunosuppressive domain; (iii) an adjacent short disulfidebonded loop; (iv) a variable C-terminal extracellular segment containing alpha-helical elements and numerous aromatic residues; (v) a hydrophobic region corresponding to the membrane-spanning domain, 19 to 27 amino acids long; and (vi) a cytoplasmic domain highly variable in both sequence and length. Based on these characteristic features, we attempted to align the extracellular and transmembrane domains of the TMs identified by the CKS17 screen (retaining, in Table 1 , all members from small families and at least three members from large ones), as well as those of the other retroelements previously defined in the literature (45) . The alignment ( Fig. 3) was anchored on the central conserved cysteines of the internal disulfide-bonded loop together with, when present, the CKS17 domain and was then extended progressively to the rest of the sequences, taking advantage of the conserved residues or do-mains that had been identified by structural or biochemical approaches and making use of hydrophobic plots as well as of coiled-coil structure predictions that we made for each sequence (see Materials and Methods). As illustrated in Fig. 3 , the resulting alignment shows a highly conserved organization. First, the overall lengths of the TMs, after exclusion of the cytoplasmic domain, are closely related. They can be bordered at the N terminus by the SU-TM cleavage site (R,X,R/K,R) and at the C terminus by the hydrophobic transmembrane domain (L/I/V/M amino acids in green). In the central part, the highly conserved cysteine residues can be found in almost all TMs, together with a large domain (approximately 50 amino acids) showing alignments of the a and d positions in the heptad repeats and corresponding to the predicted coiled-coil domains. The immunosuppressive domain, encompassing the C-terminal end of the coiled-coil region, can also be easily positioned, even among retroelements which do not possess a canonical CKS17-like sequence (e.g., those of HIV-1 and HERV-K). Some regions show only reduced conservation, among which is the domain corresponding to the fusion peptide located downstream of the SU-TM cleavage site, as well as the variable region just upstream of the transmembrane anchor. The latter domains also differ slightly in length (by approximately 20 amino acids) between retroelements possessing and those not possessing a canonical CKS17 domain (i.e., the last seven sequences in Fig. 3 ). Finally, it should be noted that the TM of human foamy virus (HFV), which is actually more than twice the length of the other TMs and includes an internal specific beta-sheet and loop region (46) , could not be included in the alignment. Conversely, and rather interestingly, the TMs (GP2) of the Ebola and Marburg filoviruses, which had been shown to share structure and sequence homologies with the Mo-MuLV TM (8, 28, 49) , could actually be aligned with the retroviral sequences (but we could not align the hemagglutinin of influenza virus, despite reported structural similarities with retroviral TMs [17] ).
From the TM protein alignment, phylogenetic TM trees could be derived by the neighbor-joining (see Fig. 5 , left) and the parsimony (data not shown) methods, with very similar results. Two major branches are observed. One of them corresponds to the CKS17-negative sequences (among which are the HERV-K elements and the MMTV and HIV-1 retroviruses), and the other corresponds to the CKS17-positive sequences. Each branch defines rather well-identified and unambiguously distinct groups of sequences. Importantly, a tree calculated from an alignment omitting the CKS17 motif (not shown) showed the same general pattern, thus demonstrating that the TM sequences of the two major branches differ over the full length of the protein and not only in the CKS17 motif. Moreover, a tree calculated from the CKS17-positive sequences only (not shown) gives a topology similar to that of the CKS17-positive branch of the complete TM tree, showing that the large distances from the CKS17-negative sequences do not artifactually modify the internal topology of the CKS17-positive branch. Accordingly, the two major branches most probably correspond to distinct "master" or progenitor sequences, from which most envelope proteins have derived. At a more refined level, the CKS17-positive sequences are themselves distributed into major subgroups (highlighted by different colors in Fig. 5 ). Retroelements in red include sequences closely related to the type C retroviruses exemplified by MuLV, koala retrovirus (AF151794), or porcine ERV (PEN133818), while retroelements in light blue and green, as well as the Ebola and Marburg viruses, are more distantly related, as illustrated by the longer branches.
RT tree and comparison with TM tree. To compare the present TM phylogenetic tree with the RT-based trees (13, 24, 45) , we performed an alignment of the RT domains of the sequences shown in the TM alignment in Fig. 3 with, in addition, those of the HFV and ERV-L sequences (the TM of the 
a ID, Identifier. b Position and orientation (sense, ϩ; antisense, Ϫ) of the CKS17d motif in the sequence, according to GenBank release 115 for the high-throughput-genomic sequences (and still unfinished in release 120) or to the definitive positions. c ϩ, positive for the RT7 consensus motif. d ϩ, positive for a proviral structure (two-LTR screen); mRNA, sequence corresponds to the RNA retroviral genome and not to the provirus. e Infectious retrovirus or endogenous retrovirus family (45), including families newly described in this paper ‫.)ء(‬ ERVs are grouped in families designated by a letter corresponding to the amino acid whose tRNA is used as a primer for reverse transcription by annealing to the PBS. Families devoid of a PBS (in the CKS17d-positive sequences or in homologous ones found by BLAST searches) were thus designated U for unknown, followed by a number. In the ENV-U4 human family, only env sequences were found. former could not be aligned, and the latter is devoid of env gene). The RT alignment ( Fig. 4) included approximately 180 amino acids corresponding to the region selected by Tristem (45) and comprising domains 1 to 5 as defined by Xiong and Eickbush (51) . This alignment was unambiguously and rather easily determined because of the high conservation of the RT protein between retroviral elements (33) . An RT tree (Fig. 5,  right) was calculated by the neighbor-joining method as for the TM tree to allow a comparison of branch lengths. RT phylogeny determined by the parsimony method (not shown) was congruent with the neighbor-joining tree, as well as with previously published RT trees (see, e.g., reference 45 [but that tree did not contain some of the present sequences and had one group {HERV-I/HERV-ADP} branching differently]). The RT tree is composed of two major branches corresponding to the two major HERV classes, i.e., sequences related to the mammalian type C infectious retroviruses, with the HFV-related sequences being the most distant ones (they are often considered a third class), and the HERV-K sequences clustering with the majority of the infectious retroviruses, including HIV-1, MMTV, MPMV, human retrovirus 5 (19) , Rous sarcoma virus (RSV), and HTLV-1.
Comparison of the TM and RT trees discloses the following characteristic features. First, the evolution rates appear much lower for the RT tree than for the TM tree, as exemplified by the overall branch lengths as well as by the higher bootstrap values; this most probably corresponds to the greater constraint imposed by conservation of the RT enzymatic function. A second important feature is that the previously described CKS17-negative sequences, which are quite distinct in the TM tree ( Fig. 5, retroelements in violet) , again branch together on the separate class II branch of the RT tree, with the RT data being congruent with and thus strengthening the TM approach. Third, among the TM major branch, branching is also on the whole congruent with that obtained for the RT tree (with some minor differences most probably due to phylogenetic uncertainties), but clearly major chimerisms between the RT and TM domains can be observed (dotted lines in Fig. 5 ), which involve both endogenous retroelements and infectious retroviruses. For instance, among ERVs, at least five families or isolated sequences exhibit such a chimeric structure when the TM and RT trees are compared. The HERV-E/HERV-R/ RRHERV-I (E/R) group (in green) appears to be closely related to the type C group in the RT tree, while these two groups are distant in the TM tree. A similar observation can be made for the HERV-R(b) group. The HERV-F(b) group, which is very closely related to the E/R group in the TM tree, is closely related to the HERV-F and HERV-F(XA) families at the RT level and not to the E/R group. It is also noteworthy that the HERV-F family [F, F(XA), F(b), and F(c)], which is rather homogenous at the RT level, is finally chimeric, with three divergent TMs. Conversely, the HERV-U2 sequences, which are grouped in the TM tree, are divergent at the RT level. At least one member of the MuERV-U1 family, whose TM belongs to the type C group (in red) in the CKS17-positive branch of the TM tree, is also chimeric, with its RT sequence in the class II group. Interestingly, such chimerisms between sequences of the CKS17-positive branch on the one hand and the class II RT on the other hand are also observed for three infectious retroviruses, namely MPMV, HTLV-1, and RSV. The MPMV TM is highly related to that of baboon endogenous virus (both viruses belong to the same interference group [40] ), but these viruses are highly divergent in their RTs, thus strongly suggesting the occurrence of specific recombination events for these viruses (see also references 29 and 41). HTLV-1 and RSV, both of which are related to the class II group in the RT tree, also exhibit TM proteins which belong to the CKS17-positive group of sequences. Interestingly, the HTLV-1 TM appears to be closely related to that of the type C retroviruses, with which it could therefore share a common ancestor. This would be consistent with the recently reported similarities between the HTLV-1 and MuLV envelope SU moieties at the functional level (22) . It is also noteworthy that the chimeric origin of the bovine HTLV-1 homologue, i.e., bovine leukemia virus, has been documented (37) .
In conclusion, comparison of the TM and RT phylogenies strongly suggests that recombination has been a common and important event for the generation of both endogenous and exogenous retroviral sequences.
DISCUSSION
One important issue in the present investigation is the alignment of the TM moieties of retroviral envelopes based upon the so-called immunosuppressive domain. Although this motif is not systematically present in a canonical form among all elements, it allowed the identification of conserved residues within TMs and the inclusion of almost all retroviral envelopes within phylogenetic trees. Most interestingly, it also allowed the inclusion of the envelopes of the two nonretroviral filoviruses Ebola virus and Marburg virus, which then appear to have "borrowed" a retroviral structure to their own benefit. Overall, the achieved alignment made possible the identification of several new endogenous retroviral elements from databases, leading to the identification of a total of 26 HERV families, the identification of major phylogenetic branches containing both endogenous and exogenous elements, and the proposal that generation of retroviral diversity involved exchange of pol and env genes among elements from distinct branches, resulting in chimeric retroviruses. The screening procedure should be of great help to identify within genomes env or env-like genes which could be involved either in protective effects against infection through interference or in pathological processes through immunosuppressive effects (see below). The method could also lead to the identification of putative ancestral envelopes of cellular origin, from which viral envelopes would have emerged.
Phylogeny of retroviral elements. Comparison of TM and RT phylogenies provided a specific tool for studying ERVs or exogenous retroviruses. The RT tree discloses two major branches: one containing most of the infectious retroviruses (e.g., MMTV, HIV-1, and HTLV-1) and another containing the majority of the ERVs (22 of 26 families for the human ERVs). Two important exceptions to this scheme concern (i) the type C infectious retroviruses (which cluster with the ERVs) as well as the foamy retroviruses and (ii) the endogenous HERV-K retroviruses clustering with the infectious retrovirus group. This dichotomy is consistent with that mentioned by Chiu et al. (11) , who proposed that infectious FIG. 3 . TM protein sequence alignment of ERVs and exogenous retroviruses (extracellular and TM domains). Sequences not selected from the CKS17 search and added in the alignment (see text) were found by BLAST searches or were derived from the literature (45) . Sequence names correspond to the GenBank identifiers. The HERV or MuERV families are indicated on the left, as are the virus names. The order is the same as that of the TM tree (see Fig. 5 , left) from top to bottom. Variable regions are indicated with the number of omitted residues, underlined positions correspond to insertions or frameshifts, and dashes correspond to deletions. The numbers above the alignment are relative to the full-length alignment (including insertions), which is 269 positions long. The region aligned to establish the initial CKS17 nucleotide phylogeny (Fig. 2 ) corresponds to positions 54 to 181. The immunosuppressive domain is boxed in red. The cysteine residues potentially involved in a short internal disulfide bond are highlighted in black, and the a and d positions in the heptad repeats within the coiled coil are in grey. Basic residues are in red, acidic residues are in blue, aromatic residues are in brown, and hydrophobic (aliphatic) residues are in green.
VOL. 75, 2001 RETROVIRAL ENVELOPE PHYLOGENY retroviruses have evolved from two divergent pol genes leading to the type C virus lineage on the one hand and the type A, B, and D lineages, as well as RSV, on the other hand, to which we can now add HIV and HTLV. McClure et al. (33) have also reported that the type C RT sequences are the most distantly related among those of the infectious retroviruses. The abundance of type C-related ERVs could attest to a more successful expansion of type C retroviruses during evolution or could indicate that retroelements of the second branch are more recent ones for which "endogenization" has not yet widely occurred. The second alternative is most probably true for HIV, as well as for the HERV-K family which has invaded the primate branch recently, after the divergence of Old World and New World monkeys (32) . Alternatively, one could hypothesize that germ line cells are more prone to infection by class I retroviruses (although one would expect that this property should be determined primarily by the env gene rather than by the RT gene) or even more simply that class I retroelements have a higher replicative capacity, possibly amplified by intracellular retrotransposition (a property not requiring the env gene [42] ). The TM tree also discloses two groups, not strictly overlap-ping those of the RT tree: one group, corresponding to the CKS17-negative sequences, is associated, as observed for the RT tree, with infectious retroviruses of group II, whereas the other group contains the majority of the ERVs. Again, the TM tree shows that the majority of ERVs are related to type C retroviruses. Interestingly, the HERV-K group, which is excluded from the branch containing all of the other ERVs in the RT tree, is also excluded in the TM tree. Overall, as well as at the more refined level of major branchings, the RT and TM trees show congruent clustering. However, important deviations from this scheme are observed, with evidence for chimeric structures: within the RT class II retroelements for the infectious MPMV, RSV, and HTLV-1 viruses; and similarly among the RT class I retroelements for several ERVs. Several mechanisms could account for recombination between retroviral sequences (43) . Among them, recombination occurring between copackaged genomic retroviral RNA in the course of reverse transcription is a common retroviral process for retroviral RNAs with identical packaging sequences but can also take place for heterologous sequences (52) . Such events might not be rare, as chimeric retroelements have been documented to reproducibly emerge in the mouse, FIG. 4 . Partial RT protein sequence alignment. Sequence names correspond to the GenBank identifiers for ERVs, while common names are used for infectious retroviruses (with their GenBank identifiers given in Fig. 3 and 5 and their legends). The order of the sequences is the same as that for the RT tree ( Fig. 4, right) . Underlined positions correspond to insertions, and dashes correspond to deletions. The first five common peptide domains among the seven domains described by Xiong and Eickbush (51) are delineated below the sequences (the fifth is partial).
leading to the generation of recombinant and highly pathogenic retroelements (14) . Recombination events between lentiviruses have also been identified by the comparison of the phylogeny of the gag or pol gene with that of the env gene (35) .
Identification of ERVs and of potentially functional env genes.
A compilation of our data based on TM and RT sequences and previous data based on RT sequences (45) discloses that the most extensively sequenced mammalian ge-FIG. 5. TM and RT protein phylogenetic trees. Both trees were determined by the neighbor-joining method with horizontal branch lengths proportional to the degree of divergence between the sequences (common scale for both trees). Vertical bars are only for presentation, with a few of them lengthened to highlight the major groups of sequences. The TM tree (left) is presented with the IAPE sequence (a murine retrotransposon envelope) as an outgroup, and the RT tree (right) is presented with Gypsy (a Drosophila melanogaster retrotransposon) as an outgroup. Percent bootstrap values obtained from 100 replicates are indicated on the branches only when they are Ͼ50%. Asterisks in the RT tree are for families devoid of the TM region (HERV-L family) or for which the TM could not be aligned (HFV and Gypsy). Major chimerisms are indicated by dotted lines between sequences from both trees. All identifiers and ERV families names are the same as in the TM alignment (Fig. 3) . The few RT-only sequences are as follow: MERVLPOLY and HSHERVLSQ, the murine and human prototypic ERV-L sequences, respectively; HFV (HSPGAG POL); MusD2 (AF246633) (27) , a new mouse ERV devoid of the env region; HRV5 (HRU46939); IAP (AC006584); and Gypsy (AF033821). Within the HERV-T family, HERVHC2 and HUMS71AA (in red) are two known HERV sequences, but they carry internal deletions in the PBS (among others) which had precluded the definite naming of the family. For the sequences exhibiting large deletions in the TM (Fig. 3 ) and thus not included in the TM tree, a phylogeny calculated on reduced TM alignments led to the expected conclusions that the HERV-F(XA) sequences (AC000378 and AC005942) branch with the HERV-F family, the AC016509 sequence branches with the HERV-U2 family, and the AC007204 sequence branches with the HERV-U3 family. nome, i.e., the human genome, contains 26 (and possibly not significantly more) families of ERVs, still comprising altogether approximately 8% of the human genome when the numerous solo LTRs are included (25) . Actually, our complementary approaches with the RT and TM protein sequences from approximately 25% of the human genome can be considered almost complete, if not complete, taking into account that with HERV being a multigenic family, only very small families might have been missed. Accordingly, the present study already provides a catalog of human sequences and a method for updating and extending the search to other genomes when they are entirely sequenced. In the case of the mouse genome, for instance, we have already detected two new mouse ERV sequences. One of them, MuERV-U1, is likely to be mouse specific, while the second (AC020617) is homologous to the human HERV-F(c) family. The latter case is reminiscent of the HERV-L family, which is shared by all mammalian species and most probably corresponds to an ancestral retroelement already present in living species before the mammalian radiation and which therefore constitutes an evolution marker among mammals (4) .
The present env-based approach should also be especially interesting for the detection of genes not necessarily associated with a complete RT-containing proviral structure but endowed with important physiological functions. Endogenous retroviral genes without a surrounding proviral structure have already been described, such as the ERV-L gag-related Fv1 gene (5) or the env-related Fv4 gene (20) (positive in our CKS17d screen), both of which are involved in resistance of the mouse to infection by leukemia viruses. In this respect, it is noteworthy that in the present search we have identified several envelope sequences which are also not in a proviral structure (no LTRs or gag or pol genes were detected), such as the ENV-U4 sequences, which, together with other sequences with large open reading frames (e.g., AB019440, AC018389, HSDJ62D2, and AC016222), clearly constitute interesting candidate genes for further investigations. Some of them could even constitute progenitor envelopes that ancestral, env-negative retroelements (such as the ERV-L elements) would have acquired in the course of evolution, for instance, by capture mechanisms similar to those described for the present-day oncogene-containing retroviruses (43) . Envelope proteins displaying a fusogenic function (e.g., the HERV-W env product [7, 34] ), displaying immunosuppression (6, 30, 30a, 36, 39) , acting as cofactors for infection (e.g., the FELIX gene product [3] ), or even conferring infectivity in pseudotypes (2) have also been described and could now be searched for systematically.
